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INTRODUCTION 

The "standard" 1 3 C  nmr techniques,  inc luding  pulse  Four ie r  t ransform (FT) 
approaches1 have n o t  been genera l ly  u s e f u l  f o r  s o l i d  samples because o f  (1) 
the excess ive  l i n e  broadening due t o  d ipole-d ipole  i n t e r a c t i o n s  between 1% and 
1H magnetic d i p o l e s ,  (2) chemical s h i f t  a n i s o t r o p i e s  ( d i f f e r e n t  s h i e l d i n g  
va lues  f o r  t h e  many d i f f e r e n t  o r i e n t a t i o n s  of the  molecules i n  an amorphous 
s t a t e  with r e s p e c t  t o  the  magnetic f i e l d  d i r e c t i o n ) ,  and (3)  long l3C s p i n -  
l a t t i c e  r e l a x a t i o n  t i m e s  A l l  of  these  problems a r e  e l imina ted  i n  
l i q u i d s  ( o r  i n  the case of long T1 va lues ,  a t  least  g r e a t l y  reduced) by t h e  
normal tumbling motions occurr ing  randomly i n  the l i q u i d  s t a t e .  

For an a n a l y t i c a l  technique i n  the f i e l d  of f o s s i l  f u e l s ,  the  c o n s t r a i n t  
t o  l i q u i d  samples has  been very r e s t r i c t i v e .  For many types of samples, 
e .g . ,  o i l  s h a l e s  and t y p i c a l  c o a l s ,  only a small f r a c t i o n  of  the organic  
substances can be e x t r a c t e d  from a s o l i d  under mild condi t ions  t h a t  would 
be expected t o  r e t a i n  the  primary s t r u c t u r a l  i n t e g r i t y  of  the  organic  
compounds. 

The r e c e n t l y  developed techniques used to  narrow the  l i n e s  of  13C nmr s i g n a l s  
i n  s o l i d s  a r e  high power 'H decoupling3 and magic-angle spinning.4-7 
former involves  i r r a d i a t i o n  of t h e  proton manifold a t  the  l H  resonance frequency.  
It i s  analogous t o  the  comon "spin-decoupling" technique f o r  e l i m i n a t i n g  s p l i t -  
t i n g s  due t o  i n d i r e c t  sp in-sp in  coupl ing  i n  s tandard  h i g h - r e s o l u t i o n  nmr 
experiments;  b u t  i t  r e q u i r e s  much h igher  r a d i o  frequency poweri because d i r e c t  
d i p o l a r  I 3 C , l H  i n t e r a c t i o n s  are much l a r g e r  than i n d i r e c t  13C, H coupl ing  
cons tan ts .  

The 

The importance of magic-angle sp inning  i s  t h a t  r a p i d  sample spirui ing a t  
the mogic onglc  r l imJnatcs  Lhc e f f r c t s  o f  chemical s h i f t  an iso t ropy ,  k, 
averaging the  resonance p o s i t i o n s  corresponding t o  the var ious  o r i e n t a t i o n s  
of  a p a r t i c u l a r  type of  carbon atom i n  the s o l i d  sample to  the i s o t r o p i c  l i m i t  
t h a t  would be observed i f  the sample were i n  a nonviscous l i q u i d  state.'y8 
This  i s  because the  a n i s o t r o p i c  p a r t  of  the s h i e l d i n g  tensor  involves  a t r igono-  
m e t r i c  f a c t o r  which vanishes  a t  a va lue  54.7O ( t h e  magic angle)  f o r  the a n g l e  
between a s h i e l d i n g  tensor  a x i s  and t h e  magnetic f i e l d  a x i s .  
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The remaining source  of  l i n e  broadening expected of  I 3 C  resonances i n  
s o l i d  f u e l s  i s  the  d i s p e r s i o n  of ( i s o t r o p i c )  chemical s h i f t s  of a given 
class of carbon atoms over  a range due t o  s u b t l e  s t r u c t u r a l  d i f f e r e n c e s  
a s s o c i a t e s  w i t h  t h e  complex s t r u c t u r a l  v a r i a t i o n s  i n  such samples. This  
d i s p e r s i o n  of chemical s h i f t s  i s  not removed by the techniques d iscussed  i n  
t h i s  paper, and is u l t i m a t e l y  a genuine source of  s t r u c t u r a l  information.  

The t h i r d  problem mentioned above, the long s p i n - l a t t i c e  r e l a x a t i o n  t i m e s  
i n  s o l i d s ,  i s  circumvented by the  development by Waugh and cnworkers of c ross  
p o l a r i z a t i o n  methods , o r  Proton Enhanced Nuclear Induct ion  Spectroscopy. 
I n  c ross  p o l a r i z a t i o n  a n  enhanced I3C magnet iza t ion  i s  achieved a t  a r a t e  
much f a s t  
t i o n  

where rc and rH a r e  the  magnetogyric r a t i o s  of 13C and 'H, r e s p e c t i v e l y .  

than t h e  rate of rees tab l i shment  of a n  equi l ibr ium I 3 C  magnetiza- 
"C s p i n - l a t t i c e  r e l a x a t i o n .  This  i s  achieved by the  'H sp in- lo  k 

procedure3 and the e s t a h l i s h m e n t  of  Hartmann-Hahn condi t ions ,  YCHP = TEH1 f , 

Although s e v e r a l  v a r i a t i o n s  of  the g e n e r a l  type of c ross  p o l a r i z a t i o n  
experiment have been sugges ted ,  t h e  form emplo e d  i n  t h i s  work i s  t h a t  
o r i g i n a l l y  descr ibed  by Pines ,  Gibby and Waughg f o r  13C; i t  i s  shown 
schemat ica l ly  i n  F i g .  1. The key f e a t u r e  r e s p o n s i b l e  f o r  the  success  o f  the 
c r o s s  p o l a r i z a t i o n  experiment  f o r  1 3 C  i n  s o l i d  samples i s  the r a p i d  t r a n s f e r  o f  
magnet iza t ion  from the  pro ton  s p i n  s e t  t o  t h e  I 3 C  s p i n  set  under the Hartmann- 
Hahn condi t ion .  This  t r a n s f e r  permits  the  es tab l i shment  and r e p e t i t i v e  r e e s t a b l i s h -  
ment of the I3C s p i n  p o l a r i z a t i o n  needed f o r  1 3 C  nmr d e t e c t i o n ,  wi thout  wai t ing  
t h e  long t i m e s  ( t h r e e  t o  f i v e  I3C T1's) requi red  f o r  es tab l i shment  of t h e  
p o l a r i z a t i o n  via normal 1 3 ~  s p i n - l a t t i c e  r e l a x a t i o n  procesEs .  The experiment can 
be  repea ted  a f t e r  w a i t i n g  f o r  the protons t o  r e p o l a r i z e  ( t h r e e  t o  f i  ' IH T1's). 
T h i s  r e p o l a r i z a t i o n  i s  g e n e r a l l y  a much more e f f i c i e n t  process  than "C 
r e p o l a r i z a t i o n  by s p i n - l a t t i c e  processes .  

Using t h e  cross-polarization/high-power 'H decoupl ing technique,  I 3 C  
s p e c t r a  of the  type  shown i n  Fig.  2 were obta ined .  A v a r i e t y  o f  f a c t o r s  
prec lude  us ing  s p e c t r a  obta ined  i n  t h i s  way d i r e c t 1  u a n t i t a t i v e  
de te rmina t ion  of t h e  a l i p h a t i c  carbon/aromatic carb:n rat io9"These f a c t o r s  
i n c l u d e  chemical s h i f t  a n i s o t r o p i e s  
c r o s s - p o l a r i z a t i o n  e f f i c i e n c i e s  and the undetermined d i s t r i b u t i o n  of r e l e v a n t  
pro ton  r e l a x a t i o n  times. 
coming o r  c h a r a c t e r i z i n g  these  f a c t o r s ,  a s u b j e c t  of cont inuing  r e s e a r c h  i n  
t h e s e  l a b o r a t o r i e s .  Never the less ,  we have observed a very  i n t e r e s t i n g  and use- 
f u l  c o r r e l a t i o n  o b t a i n e d  d i r e c t l y  from t h e  raw s p e c t r a .  

f o r  th  

and r e l a t e d  peak over laps ,  unequal 

This c u r r e n t  l i m i t a t i o n  can be  e l imina ted  only  by over- 

In  the spccLra or Lhc Lypc shown i n  F i g .  2 ,  Lhc reg ion  Lo the  r f g h t  (h ighcr  
s h i e l d i n g )  o i  the a rb iLrar i ly-drawn v e r t i c a l  dashed l i n e  can be i d e n t i f i e d  
l a r g e l y  wi th  the resonances  of  a l i p h a t i c  carbons,  whi le  the region t o  thc l e f t  
i s  a s s o c i a t e d  mainly w i t h  a romat ic  carbons (perhaps some o l e f i n i c  carbons and 
carbonyl  carbons) .  I f  t h e  a r e a  under t h e  spectrum t o  the  l e f t  of the  l i n e  is 
r e f e r r e d  t o  as A ,  t h e a r e a  t o  t h e  r i g h t  as B,  and the t o t a l  a r e a  ( A B )  as C ,  
then  A/C i s  roughly t h e  f r a c t i o n  o f  t o t a l  o rganic  carbon t h a t  is aromat ic  and B/C 
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is roughly t h e  f r a c t i o n  which i s  a l i p h a t i c .  
o rganic  carbon i n  the  sample, measured independent ly  (by t o t a l  carbon minus 
carbonate  and b icarbonate) ,  the  q u a n t i t y  AF'/C i s  a n  i n d i c a t i o n  of t h e  p e r c e n t  
aromatic  carbon i n  the sample and BP/C i s  the  percent  a l i p h a t i c  carbon.  F igures  
3 and 4 show the r e s u l t s  of p l o t t i n g  these  f r a c t i o n s  a g a i n s t  o i l  y i e l d  ( g a l / t o n ) .  
For t h e  twenty o i l  s h a l e s  and kerogens examined i n  t h i s  s tudy,  t h e  t o t a l  
o rganic  carbon content  (P) ranged from 11 t o  81 percent  (by weight)  and the  
(apparent)  f r a c t i o n  of a l i p h a t i c  carbon (B) ranged from 0.37 t o  0.85. 

Then, i f  P is  the percent  (by weight)  

Fig.  3 i n d i c a t e s  t h a t  t h e r e  i s  l i t t l e  c o r r e l a t i o n  between the  amount of  
aromatic  carbon i n  a n  o i l  s h a l e  and i t s  o i l  y i e l d .  By c o n t r a s t ,  F i g .  3 
shows a high l e v e l  of c o r r e l a t i o n  between the  amount of  a l i p h a t i c  carbon i n  
a n  o i l  s h a l e  and t h e  y i e l d  of  o i l  obta ined  i n  r e t o r t i n g .  These r e s u l t s  suppor t  
the t h e s i s  t h a t  i t  i s  the  a l i p h a t i c  p a r t  of the kerogen t h a t  i s  l a r g e l y  
respons ib le  f o r  the  o i l  r e t o r t e d  from o i l  s h a l e .  The r e s u l t s  a r e  a l s o  con- 
s i s t e n t  wi th  e a r l i e r  evidence t h a t  h igher  H/C r a t i o s  i n  o i l  shales a r e  a 
wi th  higher  o i l  yie1ds. l '  Furthermore, the  r e s u l t s  sugges t  t h a t  r e f i n e d  '3C 
nmr measurements ( f a s t e r  and more a c c u r a t e )  may provide a convenient method f o r  
determining n o t  only the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of kerogen, b u t  a l s o  t h e  
economic p o t e n t i a l  of i n d i v i d u a l  s h a l e s .  

o c i a t e d  

S imi la r  experiments on a wide range of coa l  samples a r e  underway and w i l l  
be descr ibed i n  t h e  t a l k .  The r e s o l u t i o n  of aromatic  and a l i p h a t i c  carbons 
can be improved from what i s  shown i n  F i g .  2 by magic-angle sp inning .  The 
consequences of  t h i s  improvement are a l s o  d iscussed .  
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Figure Captions 

Figure 1. Timing sequence of 'H and I 3 C  i r r a d i a t i o n  and I3C observa t ion  i n  a I 

I 

I 

I 

t y p i c a l  c ross  p o l a r i z a t i o n  experiment. 

Figure 2. Cross p o l a r i z a t i o n  s p e c t r a  of  t h r e e  o i l  s h a l e s  wi th  d i f f e r e n t  a l i p h a t i c  
C/aromatic  C r a t i o s .  
the  a l i p h a t i c  from the a romat ic  reg ions  of  the  s p e c t r a .  

The a r b i t r a r y  v e r t i c a l  l i n e  roughly s e p a r a t e s  

Figure 3 .  A p l o t  o f  the  apparent  percent  aromatic  carbon (AP/C) of  twenty 
o i l  s h a l e s  'and kerogens E. the  o i l  y i e l d s  of the o i l  s h a l e s  i n  g a l / t o n .  

A p l o t  o f  the apparent  percent  a l i p h a t i c  carbon (BP/C) of  twenty 
o i l  s h a l e s  and kerogens E. the  o i l  y i e l d s  of  the  o i l  shales i n  
g a l / t o n .  

Figure 4 .  
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